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(57) ABSTRACT

A driving circuit to drive a vibration member comprising an
clectro-mechanical energy conversion element includes a
transformer connected in parallel to the electro-mechanical
energy conversion element. The transformer includes a pri-
mary coil configured such that an alternating voltage 1s
applied to the primary coil, and a secondary coil connected to
the electro-mechanical energy conversion element 1n parallel,
and an inductor connected to the primary coil 1n series,
Parameters of the driving circuit are set such that, when a
frequency of a peak voltage applied to the electro-mechanical
energy conversion element 1s denoted by fe and a driving
frequency of the vibration member 1s denoted by 1d, a condi-

tion fe<1.5-1d 1s satistied.
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DRIVING CIRCUIT FOR VIBRATION-TYPE
ACTUATOR

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation of U.S. patent
application Ser. No. 14/017,089, filed on Sep. 3, 2013, which
1s a continuation of and claims prionity from U.S. patent
application Ser. No. 12/905,993, filed on Oct. 15, 2010, which
claims priority from Japanese Patent Application No. 2009-
2635234, filed Nov. 20, 2009, all of which are hereby incor-

porated by reference herein in their entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a driving circuit configured
to drive a vibration-type actuator.

2. Description of the Related Art

The vibration-type actuator 1s a non-electromagnetically
driving actuator configured to generate a high-frequency
vibration 1n an electro-mechanical energy conversion ele-
ment such as a piezoelectric element by applying an alternat-
ing voltage to the electro-mechanical energy conversion ele-
ment whereby vibration energy 1s output in the form of
continuous mechanical motion. The vibration-type actuators
are classified mto a standing wave type and a traveling wave
type according to types of generated vibrations.

FIG. 16 1illustrates a conventional driving circuit config-
ured to drive a vibration-type actuator of the traveling wave
type (see Japanese Patent Publication No. 5016277). A vibra-
tion member 101 1s a combination of a piezoelectric element
and an elastic element. The piezoelectric element 1s applied
with an alternating voltage via driving electrodes 101a and
10156. An oscillator 601 generates an alternating signal cor-
responding to a driving frequency. A switching circuit 602
operates such that a switching element 1n the switching circuit
602 turns on and ofl 1n accordance with the alternating signal
supplied from the oscillator 601 thereby generating an alter-
nating voltage. The switching circuit 602 1s connected to a DC
voltage source (not shown) such that the alternating voltage 1s
generated from a DC voltage supplied from the DC voltage
source.

The actuator shown 1n FIG. 16 employs a two-phase driv-
ing scheme. In this scheme, alternating voltages with differ-
ent phases are provided from two parts of the driving circuait.
These two parts of the driving circuit are similar except that
the phase of an input alternating voltage 1s shifted by £90° by
a 90°-phase shifter 603. Therefore, the following explanation
1s given only for a part 604 that 1s one of these two parts.

The alternating voltage Vi1 output from the switching cir-
cuit 602 1s applied to a primary coil 401a of a transformer 401,
and stepped up by an amount corresponding to the turn ratio
of the secondary coil 4015 to the primary coil 401a of the
transformer 401. The stepped-up alternating voltage Vo 1s
passed through an inductor 102 connected in series to the
secondary coil 4015 of the transformer 401 to remove har-
monic components from the wavetorm of the alternating volt-
age Vo. The resultant alternating voltage Vo 1s applied to the
driving electrode 101a. In the actuator disclosed 1n Japanese
Patent Publication No. 5016277/, a capacitor 103 1s connected
to the primary coil 401a of the transformer 401 such that
series resonance occurs between the capacitor 103 and the
primary coil 401a whereby the frequency characteristic of the
alternating voltage Vo has a peak. Note that the series reso-
nance frequency of the series of the capacitor 103 and the
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2

primary coil 401a of the transformer 401 1s set to be equal to
the resonance frequency of the vibration member 101. This
confliguration makes 1t possible to adjust the alternating volt-
age Vo by controlling the driving frequency even when a
change occurs 1n the resonance frequency of the vibration
member 101, whereby it 1s possible to reduce the power
consumption.

SUMMARY OF THE INVENTION

In the conventional driving circuit for the traveling-wave
vibration actuator, a great change occurs in the alternating
voltage Vo applied to the vibration member 101 in a frequency
range irom a starting frequency to an operation frequency
corresponding to a specified number of rotations, 1.e., the
frequency characteristic of the alternating voltage Vo has a
steep gradient close to the resonance frequency of the vibra-
tion member 101. This results 1n a change 1n voltage ampli-
tude, which causes degradation 1in responsiveness to a driving
speed, which 1n turn causes degradation 1n controllability. In
view ol the above, the present invention provides a driving
circuit having a small change in output voltage over a full
driving frequency range from a starting frequency to an
operation frequency.

In an aspect of the present invention, a driving circuit
configured to drive a vibration member comprising an elec-
tro-mechanical energy conversion element includes a trans-
former connected 1n parallel to the electro-mechanical energy
conversion element and comprising a primary coil configured
such that an alternating voltage 1s applied to the primary coil,
and a secondary coil connected to the electro-mechanical
energy conversion element in parallel, and an inductor con-
nected to the primary coil 1n series, wherein parameters of the
driving circuit are set such that, when a frequency of a peak
voltage applied to the electro-mechanical energy conversion
clement 1s denoted by fe and a driving frequency of the
vibration member 1s denoted by 1d, a condition fe<<1.5-1d 1s
satisfied.

In an aspect of the present invention, there 1s provided a
driving circuit to drive a vibration-type actuator including a
vibration member and a moving member. The vibration mem-
ber includes an electro-mechanical energy conversion ele-
ment and may generate a vibration wave 1n response to an
alternating voltage applied to the electro-mechanical energy
conversion element. The moving member 1s 1n contact with
the vibration member and may move 1n response to the vibra-
tion wave relative to the vibration member. In this aspect, the
driving circuit includes a transformer an inductor, and a
capacitor. The transformer includes a primary coil and a sec-
ondary coil connected in parallel to the electro-mechanical
energy conversion element. An alternating voltage may be
applied to the primary coil. The inductor and the capacitor
may be located at least one of a primary side and a secondary
side of the transformer such that the inductor and the capaci-
tor are connected 1n series to the electro-mechanical energy
conversion element Here, parameters of the driving circuit
may be set such that when a series resonance frequency of the
inductor and the capacitor 1s denoted by s and a resonance
frequency of the vibration member 1s denoted by fm, a con-
dition 0.73-Tm<fs<1.2-fm 1s satisfied.

Thus, the driving circuit according to any aspect of the
present imvention provides an output voltage with a small
change over the full frequency range from the starting fre-
quency to the operation frequency and thus provides
improved frequency controllability.
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Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are diagrams 1llustrating a driving circuit
configured to drive a vibration-type actuator according to an
embodiment of the present invention, and FIG. 1C 1s a dia-
gram 1llustrating a simulated characteristic thereof.

FI1G. 2A 1s a diagram 1llustrating a comparative example of
a driving circuit configured to drive a vibration-type actuator
according to a conventional technique, and FIG. 2B 1s a
diagram 1illustrating a simulated characteristic thereof.

FIG. 3A 1s a diagram 1illustrating a simulation result in
terms of a phase of an alternating voltage Vo, and FIG. 3B 1s
a diagram 1llustrating a stmulation result 1n terms of a change
in alternating voltage Vo as a function of a frequency.

FI1G. 4 1s a diagram 1llustrating a stmulation result in terms
of a relative change in phase with respect to a change that
occurs 1n a conventional technique as a function of fs/fm.

FI1G. 5 1s a diagram 1llustrating a stmulation result in terms
ol a frequency characteristic of an alternating voltage Vo for
a case where a series resonance frequency s 1s lower than a
resonance frequency Im of a vibration member.

FIG. 6 1s a diagram 1illustrating a relationship between
inductance of an inductor and capacitance of a capacitor for a
plurality of peak frequencies fe according to an embodiment
of the present invention.

FI1G. 7 1s a diagram 1illustrating a frequency characteristic
of an alternating voltage Vo for a case where fe<<1.5-1d.

FI1G. 8 1s a diagram 1llustrating a driving circuit configured
to drive a vibration-type actuator according to a modified
embodiment of the present invention.

FIG. 9A 15 a diagram 1llustrating a driving circuit config-
ured to drive a wvibration-type actuator according to an
embodiment of the present invention, and FIG. 9B 1s a dia-
gram 1llustrating a simulated characteristic thereof.

FIG. 10A 1s a diagram 1llustrating a driving circuit config-
ured to drive a vibration-type actuator according to a modified
embodiment of the present mvention, and FIG. 10B 1s a
diagram 1illustrating a simulated characteristic thereof.

FIGS. 11A and 11B are diagrams illustrating simulation
results 1n terms of changes of an alternating voltage Vo due to
a variation of a load and a variation of an inductor.

FIGS. 12A to 12E are diagrams 1llustrating driving circuits
configured to drive a vibration-type actuator according to
modified embodiments of the present invention.

FIG. 13 A 15 a diagram 1llustrating a comparative example
of a driving circuit using a transformer configured to drive a
vibration-type actuator according to a conventional tech-
nique, and FIG. 13B 1s a diagram illustrating a simulated
characteristic thereof.

FIGS. 14A and 14B are diagrams illustrating simulation
results 1n terms of changes of an alternating voltage Vo due to
a variation ol a load and a variation of an inductor of a
comparative example of a driving circuit.

FI1G. 1515 a diagram showing a simulation result in terms of
a frequency characteristic of an alternating voltage Vo that 1s
output according to a condition described 1n Japanese Patent
Publication No. 5016277,

FI1G. 16 1s a diagram 1illustrating a driving circuit disclosed
in Japanese Patent Publication No. 5016277.

DESCRIPTION OF THE EMBODIMENTS

The driving circuit of the vibration-type actuator according,
to the present invention 1s described 1n further detail below
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4

with reference to embodiments in conjunction with the
accompanying drawings. The driving circuit according to the

present mvention 1s applicable to a vibration-type actuator
that is configured as follows. That is, the vibration-type actua-
tor driven by the driving circuit according to the present
invention includes a vibration member having an electro-
mechanical energy conversion element such as a piezoelec-
tric element and an elastic element connected to the electro-
mechanical energy conversion element, and also includes a
moving member that 1s urged into contact with the elastic
clement and that moves relative to the vibration member. The
clectro-mechanical energy conversion element 1s applied
with a plurality of alternating voltages that are different in
phase such that a vibration wave 1s generated in the elastic
clement. The generated vibration wave causes the elastic
clement to have an elliptic motion at a driving part (1n contact
with the moving member) in the elastic element, and this
clliptic motion causes the moving member to move relative to
the vibration member.

In embodiments described below, it 1s assumed by way of
example that the driving circuit includes two parts, 1.€., a
first-phase part and a second-phase part such that the piezo-
clectric element serving as the electro-mechanical energy
conversion element 1s driven by alternative voltages with
different phases output from the respective parts. In this con-
figuration, the first-phase part and the second-phase part of
the driving circuit are similar except that a phase of an alter-
nating voltage mput to each part 1s shifted by £90° by a 90°
phase shifter 603, and thus the following explanation 1s given
only for one part (corresponding to the part 604 shown in FIG.
16). Note that the present mvention 1s not limited to the
two-phase driving scheme, but the present invention 1s also
applicable to other types of driving circuits such as a driving
circuit configured to drive a traveling-wave-type actuator by
alternating voltages with four or more phases, a driving cir-
cuit configured to drive a standing-wave-type actuator, etc.
An oscillator that generates an alternative signal and a switch-
ing circuit are not essential parts of the present invention, and
there 1s no particular restriction on these parts. Therefore, the
following description 1s given only for a part which, 1n the
driving circuit shown in FI1G. 16, receives an alternating volt-
age Vi1 and outputs an alternating voltage Vo applied to the
vibration member 101.

First Embodiment

Example 1n which an Inductor and a Capacitor are
Connected 1n Series to a Vibration Member

Referring to FIGS. 1A to 1C, a driving circuit according to
a {irst embodiment 1s described below. FIG. 1A illustrates the
driving circuit of the vibration-type actuator according to the
first embodiment. The driving circuit 1s configured such that
an inductor 102 and a capacitor 103 are connected 1n series to
the vibration member 101 (1.e., 1n series to the electro-me-
chanical energy conversion element). An inductance element
such as a coil may be used as the inductor 102, and a capaci-
tance element such as a film capacitor may be used as the
capacitor 103. In the present embodiment of the invention, the
series resonance frequency of the inductor 102 and the
capacitor 103 1s set to be substantially equal to the resonance
frequency of the vibration member 101.

An equivalent circuit of the vibration member 101 1is
described below with reference to FIG. 1B. FIG. 1B 1llus-
trates an equivalent circuit of the one-phase part of the vibra-
tion member 101. The equivalent circuit of the vibration
member 101 includes an RLC series circuit corresponding to
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a mechanically vibrating part (an equivalent coil 3015 with
self-inductance Lm, an equivalent capacitor 301c with
capacitance Cm, and an equivalent resistor 3014 with resis-
tance Rm) and a capacitor 301a with an intrinsic capacitance
Cd of the vibration member 101. Note that the capacitor 301a
1s connected in parallel with the RLC series circuit.

Hereinafter, the series resonance frequency of the inductor
102 and the capacitor 103 1s denoted by s, and the resonance
frequency of the vibration member 101 1s denoted by fm.
Furthermore, 1t the self-inductance of the inductor 102 1s
denoted by L, and the capacitance of the capacitor 103 is
denoted by C, then fs and Im are given as follows.

f5=1/(2VLC) (1-1)

fm=1/QavVImCm) (1-2)

By setting {s to be substantially equal to 1m, 1t becomes
possible to obtain a gradual change 1n frequency characteris-
tic of the alternating voltage Vo 1n a range close to im.

FI1G. 1C shows a simulated alternating voltage Vo for a case
where the series resonance frequency of the inductor 102 and
the capacitor 103 1s set to be equal to the resonance frequency
of the vibration member 101. In thus simulation, parameters
were set as follows. The selt-inductance L of the inductor 102
was set to 2 mH, the capacitance C of the capacitor 103 was
set to 6.5 nF, the self-inductance Lm of the equivalent coil
3015 was set to 0.1 H, and the capacitance Cm of the equiva-
lent capacitor 301¢c was set to 130 pF. In FIG. 1C, a vertical
axis indicates the gain of the amplitude of the alternating
voltage Vo at the output side relative to the alternating voltage
V1 at the mput side. For example, when the gain of the ampli-
tude 1s equal to 3, if the amplitude of Vi1 1s 100 V, then the
amplitude of Vo 1s 300 V. As can be seen from FIG. 1C, by
setting s to be equal to Im, 1t 1s possible to achieve a gradual
change 1n the frequency characteristic of the alternating volt-
age Vo 1n a range close to im. The change 1 the amplitude of
the alternating voltage Vo 1n the range close to 1m 1s caused by
a change 1 1mpedance of the self-inductance Lm and the
capacitance Cm of the mechanically vibrating part of the
vibration member 101. In the present embodiment, this prob-
lem 1s reduced by setting 1s to be equal to Im thereby achiev-
ing impedance matching with the impedance of the mechani-
cally vibrating part of the vibration member 101 and thus
reducing the change 1n the amplitude of the alternating volt-
age Vo. The reduction in the change 1n the frequency charac-
teristic of the alternating voltage Vo in the range close to im
leads to a reduction 1n change of the alternating voltage Vo
due to a variation of a load (equivalent resistor 301d) or the
inductor 102. This 1s because the good impedance matching
with the mechanically vibrating part of the vibration member
101 1s maintained, and thus changes in characteristic of cir-
cuit elements do not have a significant influence on the fre-
quency characteristic 1n the frequency range around fm.

Note that the parameters are also set such that an electric
resonance of the inductor 102 and the capacitor 103 and the
capacitor 301a of the vibration member 101 causes the ampli-
tude of the alternating voltage Vo to have a peak at a particular
frequency. Hereinatter, the peak frequency of the alternating
voltage Vo 1s denoted by fe. As can be seen 1n FIG. 1C, by
setting fe to be higher than Im, 1t 1s possible to obtain a
frequency characteristic with a small voltage change in a
frequency range from im to fe regardless of a change in the
driving frequency 1d of the vibration member 101.

First Comparative Example 1n which Only Inductor 1s Con-
nected 1n Series to Vibration Member

Referring to FIG. 2, a discussion 1s given below for a case
where only the inductor 102 1s connected in series to the
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vibration member 101. FIG. 2A 1llustrates a driving circuit in
which only an inductor 102 1s connected in serial to the
vibration member 101. FIG. 2B shows a simulated frequency
characteristic of the alternating voltage Vo for a case 1n which
the circuit shown in FIG. 2A 1s used. In the simulation, param-
eters were set such that the electric resonance of the mductor
102 and the capacitor 301a of the vibration member 101
caused the amplitude of the alternating voltage Vo to have a
peak at a particular frequency. More specifically, the param-
cters were set as follows. The self-inductance L of the induc-
tor 102 was to be 1.23 mH and the intrinsic capacitance Cd of
the capacitor 301a of the vibration member 101 was setto 3.5
nF such that the alternating voltage Vo had a peak at a fre-
quency ol 76.707 kHz. Furthermore, in the simulation, the
resonance frequency Im of the vibration member 101 was
assumed to be 44.142 kHz. As can be seen from FIG. 2B, the
frequency characteristic of the alternating voltage Vo has a
great change in voltage in a frequency range around im,
which results 1n degradation in controllability. Another prob-
lem 1s that a steep change occurs in the alternating voltage Vo
in a range from the resonance frequency im of the vibration
member 101 to the peak frequency fe of Vo, and this steep
change causes a high voltage to be output in a high range of
the driving frequency. Therefore, circuit elements such as a
switching element used 1n the driving circuit need to have a
high withstand voltage, which causes an increase in cost.
Furthermore, this leads to an increase 1n the alternating volt-
age Vo due to a vaniation of the load (equivalent resistor 3014)
or the inductor 102.

Maximum Allowable Ditference Between Fs and Fm

In the present embodiment of the invention, the series
resonance frequency Is of the inductor 102 and the capacitor
103 connected 1n series to the vibration member 101 does not
need to be exactly equal to the resonance frequency fm of the
vibration member 101. That 1s, 1t 1s possible to achieve a
gradual change 1n the frequency characteristic of the alternat-
ing voltage Vo 1n a frequency range around Im as long as the
difference between Is and Im 1s within a particular narrow
range, although the smaller the difference 1s between Is and
fm, the better result 1s obtained.

To determine a range of 1s 1n which the advantages of the
present embodiment of the invention are achieved, an mves-
tigation 1s made on an eilfect of a change 1n phase of the
alternating voltage Vo 1n a frequency range around the reso-
nance frequency im of the vibration member 101. FIG. 3A
shows a result of simulation in terms of the phase of the
alternating voltage Vo where a horizontal axis indicates the
frequency, and a change 1n phase of Vo 1s shown for a range
from 40 kHz to 48 kHz around a resonance frequency im set
to be equal to 44.142 kHz. The simulation was performed for
the driving circuit shown in FIG. 1A. In the simulation, the
series resonance frequency s of the inductor 102 and the
capacitor 103 was varied in arange from 0.73 to 1.2 inrelative
value with respect to Im (1.e., 1s/fim), and the result 1s plotted
in FIG. 3A. Note that when fs/fm was varied, L. and C were
adjusted so that the peak frequency fe was maintained at
61.798 kHz (=1.4-1fm). The reason why the peak frequency fe
was maintained at the constant value 1s that a change in the
value of the peak frequency fe causes a great change in the
amplitude of Vo 1n a frequency range around the resonance
frequency Im of the vibration member 101. For the purpose of
comparison, the simulation was also performed for the circuit
according to the conventional technique shown 1n FIG. 2A,
and a result was plotted. In the simulation for the circuit
shown 1n FIG. 2A, the self-inductance L. of the inductor 102
was set to 1.97 mH, and the peak frequency fe of the alter-
nating voltage Vo was set to be 61.798 kHz (=1.4-1m).




US 9,350,272 B2

7

From FIG. 3A, 1t can be seen that the conventional circuit
configuration has a great phase delay. The maximum phase
delay almost reaches 60°. In contrast, when s was set such
that fs/fm=1, Vo had substantially no phase change. When
fs/Im=1, the self-inductance L. of the inductor 102 was 4.17
mH and the capacitance C of the capacitor 103 was 3.12 nF.
Generally, the phase change increases in a negative direction
with decreasing s/Tm<1, while the phase change increases in
a positive direction with increasing fs/fm>1.

A simulation was also performed in terms of a dependency
of the alternating voltage Vo on the frequency to detect a
relationship between the phase change of the alternating volt-
age Vo shown 1n FIG. 3A and a change of the amplitude of the
alternating voltage Vo. The result 1s shown 1n FIG. 3B. The
simulation was performed under the same condition as that of
FIG. 3A. The change of the alternating voltage Vo was cal-
culated for values of fs/fm from 0.73 to 1.2, and the result was
plotted. For the purpose of comparison, the change of the
alternating voltage Vo for the conventional circuit configura-
tion was also calculated and the result was plotted. As can be
seen, the phase change shown in FIG. 3B roughly corre-
sponds to the voltage change shown 1n FIG. 3A. That 1s, the
change 1n the amplitude of Vo increases with increase change
in phase of Vo.

FIG. 4 illustrates a simulation result 1n terms of a relative
change in phase with respect to a change that occurs 1n the
conventional configuration as a function of fs/im. In FI1G. 4, a
horizontal axis represents is/fm, 1.e., the ratio of s to the
resonance frequency Im of the vibration member 101. A
vertical axis represents the ratio of the change in phase to the
change 1n phase that occurs 1n the conventional configuration.
The ratio of the change 1n phase was calculated as follows.
First, the absolute value of the change 1n phase of Vo that
occurs 1n the conventional configuration was calculated for a
frequency range from 40 kHz to 48 kHz, and a maximum
value was detected. Hereinatter, the detected maximum value
1s referred to as the maximum phase change 1n the conven-
tional configuration. Next, for the configuration shown in
FIG. 1A, the absolute value of the phase change of Vo was
calculated as a function of {s/fm for a frequency range from
40 kHz to 48 kHz, and a maximum value was detected.
Hereinafter, the detected maximum value 1s referred to as the
maximum phase change depending on fs/fm. The ratio of the
maximum phase change depending on fs/Im to the maximum
phase change 1n the conventional configuration was then cal-
culated, and the result 1s plotted such that the ratio 1s repre-
sented by the vertical axis.

In the present embodiment of the invention, as shown in
FIG. 4, when the relative phase change with respect to the
phase change ol the conventional circuit configuration 1s
defined 1s smaller than a threshold value set to 0.5, the fre-
quency characteristic of the alternating voltage Vo can be
regarded as having a sufficiently small change 1n a frequency
range around fm. Such a small change can be achieved when
ts/Tm 1s within a range shown below.

0.73-fm<fs<1.2-fm

The above result was obtained when parameters were set as
follows. The peak frequency fe was set to 61.798 kHz
(=1.4-1m), and the mtrinsic capacitance Cd of the capacitor
301a of the vibration member 101 was set to 3.5 nF. Note that
a similar result 1s obtained for various values of the peak
frequency fe and for various values of the intrinsic capaci-
tance Cd. In the simulation, other parameters were set as
tollows. The self-inductance Lm of the equivalent coil 3015
of the vibration member 101 was set to 0.1 H, the capacitance
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Cm of the equivalent capacitor 301c was set to 130 pF, and the
resistance Rm of the equivalent resistor 3014 was set to 1 k€2,

Thus, by setting {s within the range described above to
reduce the phase change of the alternating voltage Vo to a
level less than one half of that of the conventional configura-
tion, 1t also becomes possible to reduce the change 1n Vo to a
level less than one of that of the conventional configuration.
That 1s, even when 1s 1s not exactly equal to 1m, 11 s and Im
satisly the above-described relationship, it 1s possible to
reduce the change 1n frequency characteristic of the alternat-
ing voltage Vo 1n the range around fm compared with the
conventional circuit configuration. Thus, 1t 1s possible to
achieve a stable control characteristic due to a synergy effect
of the reduction in the change 1n the alternating voltage Vo and
the improvement in phase delay.

FIG. 5 shows a result of simulation in terms of the fre-
quency characteristic of the alternating voltage Vo for a case
where the relationship between s and fm satisfies the above
condition (and more specifically, the series resonance ire-
quency 1s 1s lower than the resonance frequency fm of the
vibration member 101). The simulation was performed for
the circuit configuration shown 1n FIG. 1A. As shown in FIG.
5, the change in the alternating voltage Vo 1n a range near the
resonance frequency Im 1s smaller than that shown in FIG.
2B. Note that, in the simulation, the resonance frequency of
the vibration member 101 was assumed to be 44.142 kHz, and
the capacitance of the capacitor 103 was intentionally
increased by 10% so that the series resonance frequency 1s
was set 10 0.95-1m, 1.¢., 42.087 kHz which 1s smaller by about
2 kHz than fm. As can be seen from the simulation result, even
when {s 1s not exactly equal to fm, 1t 1s possible to reduce the
change 1n the alternating voltage Vo in an frequency range
around the resonance frequency im.

Determination of Inductance L of Inductor 102 and Capaci-
tance C of Capacitor 103

Next, a method of determining the capacitance of the
capacitor 103 and the inductance of the inductor 102 1is
described below. The series resonance frequency 1s 1s given
by the product of the inductance L of the inductor 102 and the
capacitance C of the capacitor 103. Therefore, for a given
value of Is, there can be an infinite number of combinations of
inductance L and the capacitance C that satisfy the give value
of Is. However, 11 the peak frequency fe of the alternating
voltage Vo 1s first determined, there 1s only one combination
of inductance L. and capacitance C for the given 1s.

The peak frequency fe of Vo can be calculated from the
inductance L of the inductor 102, the capacitance C of the
capacitor 103, and the intrinsic capacitance Cd of the capaci-

tor 301a of the vibration member 101 according to equation
(1-3) shown below.

o 2

In practical calculation of the peak frequency fe, the vibra-
tion member 101 may be regarded as an equivalent capacitor,
and 1ts capacitance may be determined taking into account an
elfect of the RLC series circuit of the mechanically vibrating
part. Hereinaftter, the resultant capacitance 1s denoted by Cd'.
For example, when the effect of the RLC series circuit of the
mechanically vibrating part provides an equivalent capaci-
tance change of 134 pF, Cd' may be determined as follows.

C.-Cd (1-3)

C+Cd

fe =

Cd'=Cd-134 pF
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By determiming the value of the peak frequency fe accord-
ing to equation (1-3), 1t 1s possible to determine a relationship
between L and C. FIG. 6 shows the relationship between the
inductance L of the inductor 102 and the capacitance C of the
capacitor 103 for some values of the peak frequency fe. A
horizontal axis indicates the value of C and a vertical axis
indicates the value of L. In FIG. 6, values of L and C deter-
mined according to equation (1-3) are plotted for three values
of fe, 1.e., fe=1.4-1m, fe=1.5-1m, and fe=2-fm. In FIG. 6,
values of L and C are also plotted for a case where the product
L and C 1s given by LmCm, 1.e., for a case where the series
resonance irequency 1Is 1s equal to Im. As described above,
L.m 1s the self-inductance of the equivalent coi1l 3015, and Cm
1s the capacitance of the equivalent capacitor 301c. As shown
in FIG. 6, for a particular constant value of fe, each curve
representing inductance as a function of capacitance inter-
sects the line of LC=LmCm at one point. Each intersection
gives optimum values of inductance L and capacitance C for
a case where 1s equals Im. For example, 1f fe=1.4-1fm, then L
1s 4.17 mH and C 1s 3.12 nF.

The value of e 1s discussed 1n further detail below. In the
present embodiment of the invention, when the driving fre-
quency of the vibration member 101 1s 1d, the peak frequency
fe may be set so as to satisty a condition fe<1.5-1d. The reason
tor this 1s described below.

FI1G. 7 shows a frequency characteristic of the alternating
voltage Vo for a case where fe<1.5-1d. In FIG. 7, 2-1d 1s a
second order harmonic frequency of the driving frequency 1d.
It may be better for the alternating voltage Vo to have a
wavelorm similar to a sine wave having as low harmonic
components such as second-order or third-order harmonic
components as possible. In practice, the driving wavetform of
alternating voltage Vo has a pulse duty that 1s not exactly
equal to 50%, and thus 1t may be better to reduce the second-
order harmonic component. For the above reason, by setting
the peak frequency fe to a value lower than 1.5-1d, 1t 1s pos-
sible to reduce the amplitude of the second-order harmonic
component of the alternating voltage Vo at the frequency of
2-1d to a level smaller than that at the driving frequency 1d. For
example, when the driving frequency 1d1s 46 kHz, 1.5-1d 1s 69
kHz. In this case, 11 the inductance L of the inductor 102 is set
to be 4 mH, and the capacitance C of the capacitor 103 1s set
to be 3.25 nF, then the peak frequency fe 1s 61.3 kHz and thus

the above-described condition 1s satisfied.

Modification of First Embodiment

FIG. 8 1llustrates a driving circuit configured to drive a
vibration-type actuator according to a modification of the first
embodiment of the present invention. In this configuration, an
inductor 201 for parallel resonance 1s connected 1n parallel to
the vibration member 101. The provision of the inductor 201
for parallel resonance causes parallel resonance to occur with
the capacitor 3014 (the intrinsic capacitance Cd) of the vibra-
tion member 101. This makes 1t possible to achieve a further
reduction in the change in the alternating voltage Vo due to a
variation of the load (equivalent resistor 301d) or the inductor
102. Note that 1n the present modification, {s may be deter-
mined from equation (1-1) described above.

Second Embodiment

Next, with reference to FIGS. 9A and 9B, a second
embodiment of the present invention 1s described below. The
second embodiment 1s different from the first embodiment
described above 1n that voltage step-up 1s performed using a
transformer.
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FIG. 9A 1illustrates a driving circuit configured to drive a
vibration-type actuator according to the second embodiment
of the present invention. In this configuration of the driving
circuit, a secondary coil 4015 of a transformer 401 1s con-
nected 1n parallel to the vibration member 101 (1.e., the sec-
ondary coil 4015 of the transformer 401 1s connected 1n
parallel to the electro-mechanical energy conversion ele-
ment), and a capacitor 103 1s connected in series to a primary
coll 401a of the transformer 401. A capacitance element such
as a film capacitor may be used as the capacitor 103. By
reducing the coupling of the transformer 401, 1t 1s possible to
increase the leakage inductance of the primary coil 401a of
the transformer 401 and the leakage inductance of the sec-
ondary coil 4015 of the transtformer 401. These leakage
inductances can be employed as the inductor. The leakage
inductances are equivalently represented by an inductor 1024
(leakage inductance of the primary coil 401a of the trans-
former 401) and an inductor 10256 (leakage inductance of the
secondary coil 4015 of the transformer 401). A series reso-
nance circuit 1s formed by these two leakage inductances and
the capacitor 103. Although the capacitor 103 1s connected to
a lower terminal of the primary coil 401q of the transformer
401 1n the configuration shown 1n FIG. 9A, the capacitor 103
may be connected to an upper terminal of the primary coil
401a. The series resonance frequency of the leakage induc-
tance 102q of the primary coil 4014, the leakage inductance
10256 of the secondary coil 4015, and the capacitor 103 1s
denoted by s, and the resonance frequency of the vibration
member 101 1s denoted by tm. If the leakage inductance 102a
of the primary coil 4014 of the transformer 401 1s denoted by
[.1, the leakage inductance 1025 of the secondary coil 4015 of
the transformer 401 1s denoted by L2, and the turn ratio of the
secondary coil 4015 to the primary coi1l 401a 1s denoted by N,
and the capacitance of the capacitor 103 1s denoted by C, then

fs=1/QaV L+ L)) 2-1)

fm=1/2aVLmCm) (2-2)

As described above, Lm and Cm are equivalent circuit
constants associated with the mechanical vibration of the
vibration member 101, where L.m 1s the self-inductance of the
equivalent coil 3015 and Cm 1s the capacitance of the equiva-
lent capacitor 301c.

FIG. 9B 1s a diagram 1illustrating a simulation result in
terms of a frequency characteristic of the alternating voltage
Vo for a case where the series resonance frequency 1s 1s set to
be equal to the resonance frequency fm of the vibration mem-
ber 101. As can be seen from FIG. 9B, as 1n the first embodi-
ment, by setting s to be equal to Im, 1t 1s possible to achieve
a gradual change 1n the frequency characteristic of the alter-
nating voltage Vo 1n a range around im. In the simulation, L
was setto 20 uH (=L 1+L2/N2), Cto 650 nF, Lmto 0.1 H,Cm
to 130 pF, and the turn ratio N to 10. The reduction 1n the
change 1n the frequency characteristic of the alternating volt-
age Vo 1n the range close to Im leads to a reduction 1n change
of the alternating voltage Vo due to a vaniation of a load
(equivalent resistor 301d) or the inductor 102. Hereinatter,
the peak frequency of the alternating voltage Vo 1s denoted by
fe. By setting fe to be higher than fm as shown 1n FIG. 9B, 1t
1s possible to obtain a frequency characteristic with a small
voltage change 1n a frequency range from im to fe regardless
of a change 1n the driving frequency 1d. However, 1n the case
where the transformer 1s used, the connection of the inductor
102 and the capacitor 103 causes the alternating voltage Vo to
have another peak at a frequency lower than the resonance
frequency Im of the vibration member 101. That 1s, the alter-
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nating voltage Vo has two peaks at frequencies higher and
lower than fm. In the present embodiment, fe denotes the
higher peak.

As 1n the first embodiment, the series resonance frequency
fs may not be exactly equal to the resonance frequency fm of
the vibration member 101. The advantages described above
may be achieved by setting the series resonance frequency 1s
within a range around Im so as to satisiy a condition shown
below.

0.73-fm<fs<1.2-fm

By setting {s within the above-described range, 1t 1s possible
to achieve a stable control characteristic due to a synergy
cifect of the reduction 1n the change 1n the alternating voltage
Vo and an improvement in phase delay.

In the case where the transformer 1s used, a coellicient
associated with LC 1n the formula used 1n calculation of fs
varies depending on whether the inductor 102 and the capaci-
tor 103 are connected to the primary coil or the secondary
coil. Thus, there are four configurations as described below.

(1) L and C are connected to the primary side of the trans-
former.

(2) L and C are connected to the secondary side of the
transiormer.

(3) L 1s connected to the primary coil of the transformer and
C 1s connected to the secondary coil of the transformer.

(4) C 1s connected to the primary coil of the transtformer
and L 1s connected to the secondary coil of the transformer.

In the configurations (1) and (2) described above, the coet-
ficient of LC 1s equal to 1. On the other hand, in the configu-
ration of (3), the coeflicient is N7, i.e., the term including LC
is given by N*L.C. This is because L located on the primary
sideis equivalent to N*-L on the secondary side where N is the
turn ratio of the transformer. In the configuration (4), the
coefficient is 1/N?, i.e., the term including LC is given by
(1/N*)-LC. This is because C located on the primary side is
equivalent to (1/N*)-C on the secondary side where N is the
turn ratio of the transformer.

Next, F1G. 10 B 1s a diagram 1llustrating a stmulation result
in terms of a frequency characteristic of the alternating volt-
age Vo for a case where the series resonance frequency 1Is 1s
lower than the resonance frequency fm of the vibration mem-
ber 101. This simulation was performed for a circuit configu-
ration shown in FIG. 10A. The resonance frequency of the
vibration member 101 was assumed to be 44.142 kHz. The
capacitance of the capacitor 103 was intentionally increased
by 10% so that the series resonance frequency Is was set to
0.95-1m, 1.e., 42.087 kHz which 1s smaller by about 2 kHz
than fm. As can be seen from FIG. 10B, even when 1s 1s not
exactly equal to Im, 1t 1s possible to reduce the change 1n the
alternating voltage Vo 1n an frequency range around the reso-
nance frequency fm.

The capacitance of the capacitor 103 and the inductance of
the inductor 102 may be determined 1n a similar manner to the
first embodiment. That 1s, 1f the peak frequency fe of the
alternating voltage Vo 1s first determined, then 1t 1s possible to
uniquely determine a combination of the inductance and the
capacitance.

As 1n the first embodiment, when the driving frequency of
the vibration member 101 1s denoted by 1d, the peak 1fre-
quency ie 1s set such that a condition shown below i1s satisfied.

fe<1.5d

By setting the peak frequency fe so as to satisiy the above
condition, it 1s possible to reduce the second-order harmonic
component as described above with reference to FIG. 7. For
example, when the driving frequency 1d1s 46 kHz, 1.5-1d 1s 69
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kHz. In this case, 1n the circuit shown 1n FIG. 5, 11 the induc-
tance L of the inductor 102 1s set to be 40 uH, and the
capacitance C of the capacitor 103 1s set to be 0.325 uF, then
the peak frequency fe 1s 61.3 kHz and thus the above-de-
scribed condition 1s satisfied.

First Modification of Second Embodiment

FIG. 10A 1llustrates a driving circuit configured to drive a
vibration-type actuator according to a first modification of the
second embodiment of the present invention. In this configu-
ration of the driving circuit, a secondary coil 4015 of a trans-
tormer 401 1s connected 1n parallel to the vibration member
101, and an inductor 102 and a capacitor 103 are connected 1n
series to a primary coil 401q of the transformer 401. Note that
the circuit configuration in terms of the inductor 102 and the
capacitor 103 1s not limited to that shown 1n FIG. 10A as long
as the imnductor 102 and the capacitor 103 are connected 1n
series to the primary coil 401q of the transformer 401. When
the inductor 102 1s located on the primary side of the trans-
former 401, the inductance thereof may be as small as 1/N?
times the inductance which would be necessary when the
inductor 102 1s located on the secondary side. Note that N
denotes the turn ratio. When the capacitor 103 1s located on
the primary side of the transformer 401, the withstand voltage
of the capacitor 103 may be as small as 1/N times the with-
stand voltage which would be necessary when the capacitor
103 1s located on the secondary side.

I1 the inductance of the inductor 102 1s denoted by L and
the capacitance of the capacitor 103 1s denoted by C, the series
resonance frequency Is 1s given by equation (2-3) shown
below, which 1s the same as equation (1-1) described above.

f5=1/2VLC) (2-3)

By setting the series resonance frequency s determined
according equation (2-3) so as to be equal to the resonance
frequency Im of the vibration member 101, 1t 1s possible to
achieve a gradual change 1n the frequency characteristic of the
alternating voltage Vo 1n a range around im. The reduction 1n
the change 1n the frequency characteristic of the alternating
voltage Vo 1n the range close to Im leads to a reduction in
change of the alternating voltage Vo due to a variation of a
load (equivalent resistor 3014 of the mechanical vibration of
the vibration member 101) or the inductor 102. FIGS. 11A
and 11B illustrate effects of the reduction in change 1n the
alternating voltage Vo. FIGS. 11A and 11B show simulation
result in terms of change 1n the alternating voltage Vo due to
variations of a load and the inductance of the inductor 102 for
the circuit shown 1 FIG. 10A. More specifically, FIG. 11A
illustrates a simulation result in terms of a change in the
alternating voltage Vo due to a vaniation of the load. In FIG.
11A, to provide a better understanding about the change
around the resonance frequency im of the vibration member
101, the result 1s shown only for a frequency range from 40
kHz to 50 kHz 1n a horizontal axis. The calculation was
performed for three different values of the load, 1.e., a refer-
ence value and the reference value £20%. This variation of the
load was assumed to appear as a change in the equivalent
resistance Rm in the equivalent circuit of the vibration mem-
ber 101. The result shown in FIG. 11A indicates that the
variations of the load have substantially no effect on the
alternating voltage Vo, thus high controllability can be
achieved.

FIG. 11B shows a simulation result in terms of a change 1n
the alternating voltage Vo due to a vaniation of the inductance
of the inductor 102. The calculation was performed for three
different values of the inductance of the inductor 102, 1.e., a
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reference value and the reference value £20%. The result
shown i FI1G. 11B indicates the variation of the inductance of
the inductor 102 does not have a signmificant influence on the
alternating voltage Vo. That 1s, when the driving circuit has
two or more phases, the vanation of the inductance of the
inductor 102 does not have a significant influence, and thus 1t
1s possible to reduce unevenness 1n the travelling wave.

In the present embodiment, the transformer 401 may have
leakage inductance. In this case, it 1s necessary to take into
count the effect ol the leakage inductance 1n the calculation of
the series resonance frequency Is substantially equal to the
resonance irequency Im of the vibration member 101.

Second Modification of Second Embodiment

FIG. 12A illustrates a driving circuit configured to drive a
vibration-type actuator according to a second modification of
the second embodiment of the present invention. In this con-
figuration of the driving circuit, a secondary coil 40156 of a
transformer 401 1s connected 1n parallel to the vibration mem-
ber 101, a capacitor 103 1s connected 1n series to a primary
coll 401a of the transtformer 401, and an inductor 102 1s
connected 1n series to the secondary coil 4015 of the trans-
tormer 401. When the inductor 102 1s located on the second-
ary side of the transformer 401, the maximum allowable
current of the mductor 102 may be as small as 1/N of the
maximum allowable current that would be necessary when
the inductor 102 1s located on the primary side of the trans-

former 401. Note that N denotes the turn ratio. If the induc-
tance of the mductor 102 1s L, and the capacitance of the
capacitor 103 1s C, then the series resonance frequency 1s 1s
given by equation (2-4) shown below.

f=1/(270V LC/N?) (2-4)

By setting the series resonance frequency is determined
according equation (2-4) so as to be equal to the resonance
frequency Im of the vibration member 101, 1t 1s possible to
achieve a gradual change 1n the frequency characteristic of the
alternating voltage Vo in a range around fm, and 1t 1s also
possible to reduce the change 1n the alternating voltage Vo due
to the variation of the load (equivalent resistor 301d) or the
inductance of the inductor 102.

Third Modification of Second Embodiment

FIG. 12B illustrates a driving circuit configured to drive a
vibration-type actuator according to a third modification of
the second embodiment of the present invention. In this con-
figuration of the driving circuit, a secondary coil 4015 of a
transformer 401 1s connected in parallel to the vibration mem-
ber 101, an mductor 102 1s connected in series to a primary
coill 401a of the transtormer 401, and a capacitor 103 1is
connected 1n series to the secondary coil 4015 of the trans-
tformer 401. When the inductor 102 is located on the primary
side of the transformer 401, the inductance thereol may be as
small as 1/N” of the inductance which would be necessary
when the inductor 102 1s located on the secondary side. When
the capacitor 103 1s located on the secondary side of the
transformer 401, the capacitance thereol may be as small as
1/N” of the capacitance which would be necessary when the
capacitor 103 1s located on the primary side. In this configu-

ration, the series resonance frequency 1s 1s given by equation
(2-5) shown below.

f5=1/2xY LC-N?) (2-5)
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The series resonance frequency s determined according
equation (2-5) 1s set to be equal to the resonance frequency Im
of the vibration member 101.

Fourth Modification of Second Embodiment

FIG. 12C 1llustrates a driving circuit configured to drive a
vibration-type actuator according to a fourth modification of
the second embodiment of the present invention. In this con-
figuration of the driving circuit, a secondary coil 4015 of a
transiformer 401 1s connected in parallel to the vibration mem-
ber 101, and an inductor 102 and a capacitor 103 are con-
nected 1n series to a secondary coil 4015 of the transformer
401. When the inductor 102 1s located on the secondary side
of the transtormer 401, the maximum allowable current of the
inductor 102 may be as small as 1/N of the maximum allow-
able current that would be necessary when the inductor 102 1s
located on the primary side of the transformer 401. When the
capacitor 103 1s located on the secondary side of the trans-
former 401, the capacitance thereof may be as small as 1/N~
of the capacitance which would be necessary when the
capacitor 103 1s located on the primary side. In this configu-
ration, the series resonance frequency 1s 1s given by equation

(2-6) shown below.

f5=1/2VLC) (2-6)

The series resonance Irequency Is determined according
equation (2-6) 1s set to be equal to the resonance frequency Im
of the vibration member 101.

Fifth Modification of Second Embodiment

FIG. 12D 1llustrates a driving circuit configured to drive a
vibration-type actuator according to a fifth modification of
the second embodiment of the present invention. In this con-
figuration, aresistor 2801 1s connected 1n parallel to a primary
coill 401a of a transformer 401. As described above, when a
transformer 1s used as 1n the second embodiment and first to
fourth modifications thereof, the connection of the inductor
102 and the capacitor 103 causes the alternating voltage Vo to
have two peaks at frequencies higher and lower than fm. In the
present modification, the provision of the resistor 2801 leads
to a reduction 1n the peak at the lower frequency. The reduc-
tion 1n the peak at the lower frequency makes it possible to
reduce an influence of disturbance 1n a low frequency range
and an mfluence of a variation of the load.

Sixth Modification of Second Embodiment

FIG. 12E 1illustrates a driving circuit configured to drive a
vibration-type actuator according to a sixth modification of
the second embodiment of the present invention. In this sixth
modification, a resistor 2801 and an inductor 2901 for parallel
resonance are connected in parallel to a primary coil 401a of
a transformer. In this sixth modification, the inductor 2901 for
parallel resonance provides a more etfective reduction 1n the
peak 1n the low frequency range. Note that in the present
modification, s can be determined according to equation
(2-5) described above.

Second Comparative Example 1n which Only an Inductance
1s Connected 1n Series to a Vibration Member

Next, with reference to FIGS. 13A and 13B, a comparative
example of a configuration 1s described 1n which a trans-
former 1s used and only an inductor 102 1s connected in series
to the vibration member 101. FIG. 13 A illustrates a conven-
tional driving circuit using a transformer for driving a vibra-
tion-type actuator. In this circuit configuration, an imductor
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102 1s connected 1n series to a secondary coil of the trans-
tformer 401. FIG. 13B shows a simulation result in terms of a
frequency characteristic of an alternating voltage Vo output
from the secondary side of the transformer 401 1n the circuit
shown 1n FIG. 13 A. In the simulation, the inductance L of the
inductor 102 was setto be 1.23 mH, the alternating voltage Vo
was assumed to have apeak ata frequency 0176.707 kHz, and
the resonance frequency of the vibration member 101 was
assumed to be 44.142 kHz. As shown 1n FIG. 13B, the fre-
quency characteristic of the alternating voltage Vo has a great
change in voltage around fm, which leads to a reduction 1n
controllability. A steep change occurs 1n the alternating volt-
age Vo 1n a range from the resonance frequency fm of the
vibration member 101 to the peak frequency fe of Vo, and this
steep change causes a high voltage to be outputina high range
of the driving frequency. Therefore, circuit elements such as
a switching element used 1n the driving circuit need to have a
high withstand voltage, which causes an increase in cost.

FIGS. 14A and 14B show simulation result in terms of
change i1n the alternating voltage Vo due to varations of a load
(equivalent resistor 3014d) and the inductance of the inductor
102 for the circuit shown in FIG. 13A.

More specifically, FIG. 14 A illustrates a simulation result
in terms of a change in the alternating voltage Vo due to a
variation of the load. To show more clearly the change in the
alternating voltage Vo around the resonance frequency of the
vibration member 101, the result 1s shown only for a fre-
quency range from 40 kHz to 50 kHz 1n a horizontal axis. The
calculation was performed for three values of the load, 1.e., a
reference value and the reference value +20%, This variation
of the load was assumed to appear as a change 1n the equiva-
lent resistance of the mechanical vibration 1n the equivalent
circuit of the vibration member 101. The result shown in FIG.
14 A 1ndicates that the variation of the load causes a great
change 1n the frequency characteristic of the alternating volt-
age Vo, which results in degradation 1n controllability.

FI1G. 14B shows a simulation result 1n terms of a change in
the alternating voltage Vo due to a variation of the inductance
of the inductor 102. It was assumed that a coil was used as the
inductor 102 and the calculation was performed for three
different values of the inductance of the inductor 102, 1.e., a
reference value and the reference value £20%. As shown in
FI1G. 14B, the variation of the inductance of the inductor 102
causes a great change 1n the frequency characteristic of the
alternating voltage Vo. Therefore, when the driving circuit
has two or more phases, 1f the inductance of the coil 1s differ-
ent among the phases, the amplitude of the alternating voltage
Vo output from the driving circuit becomes diflerent between
the phases. That 1s, alternating voltages Vo with different
amplitudes are applied at the same time to the respective
driving electrodes 101a and 1015 of the vibration member
101 shown 1n FIG. 16, which causes unevenness in the trav-
elling wave.

Third Comparative Example in which the Series Resonance
Frequency of Capacitor 103 and Primary Coil 401a of Trans-
former 1s Set to be Equal to Fm.

FIG. 15 shows a simulation result in terms of a frequency
characteristic of an alternating voltage Vo output from a sec-
ondary coil of a transformer 401 for a case where the series
resonance frequency of a capacitor 103 and a primary coil
401a of the transformer 401 1s set to be equal to the resonance
frequency Im of the vibration member 101. The simulation
was performed for a circuit configuration shown 1n FIG. 16.
The transformer 401 was assumed to have an 1deal coupling
(with a coupling coellicient of 1) with no leakage inductance.
Furthermore, 1t was also assumed that the inductance of the
primary coil 401a of the transformer 401 was 150 uH and the
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inductance of the secondary coil 4015 of the transformer 401
was 15 mH. The capacitance of the capacitor 103 connected
to the primary co1l 401a of the transformer 401 was set to 86.”7
nF, and the inductance of the inductor 102 connected to the
secondary coil 4015 of the transformer 401 was set to 1 mH.
Theresonance frequency Im of the vibration member 101 was
assumed to be 44.142 kHz. Note that the series resonance
frequency of the capacitor 103 and the inductor 102 15 170.96
kHz which 1s greatly different from tm. The peak frequency fe
of the alternating voltage Vo was 190.927 kHz.

The simulation result shown in FIG. 15 indicates that the
frequency characteristic of the alternating voltage Vo has a
great voltage change around Im. The simulation also has
revealed that the alternating voltage Vo has a great change in
phase 1n a frequency range around Im. That 1s, Japanese
Patent Publication No. 5016277 discloses only the series
resonance of the capacitor 103 and the primary coil 401a of
the transformer, but Japanese Patent Publication No. 5016277
does not disclose the techmique to adjust the series resonance
frequency of the capacitor 103 and the inductor 102. Thus, 1n
the technique disclosed in Japanese Patent Publication No.
5016277, a great change can occur 1n the alternating voltage
Vo 1 a frequency range around im. Furthermore, the steep
change 1n the alternating voltage Vo in a range from the
resonance Irequency im of the vibration member 101 to the
peak frequency fe of Vo can cause a high voltage to be output
in a high range of the driving frequency. Therefore, circuit
clements such as a switching element used in the dniving
circuit need to have a high withstand voltage, which causes an
increase 1n cost. Furthermore, this leads to an increase 1n the
alternating voltage Vo due to a variation of the load (equiva-
lent resistor 301d) or the inductor 102.

Note that the circuit configuration shown in FIG. 16 may be
used in the present mvention. In this circuit configuration
shown 1n FIG. 16, by setting s such that 0.73 -Tm<{s<1.2-1m,
it 15 possible to achieve a gradual change in the frequency
characteristic of the alternating voltage Vo 1n a range around
fm.

While the present invention has been described with refer-
ence to exemplary embodiments, it 1s to be understood that
the invention 1s not limited to the disclosed exemplary
embodiments. The scope of the following claims 1s to be
accorded the broadest mterpretation so as to encompass all
such modifications and equivalent structures and functions.

What 1s claimed 1s:

1. A driving circuit configured to drive a vibration member
comprising an electro-mechanical energy conversion ele-
ment, the driving circuit comprising:

a transformer connected to the electro-mechanical energy

conversion element and comprising:

a primary coil configured such that an alternating voltage 1s

applied to the primary coil; and

a secondary coil comnected to the electro-mechanical

energy conversion element; and

an inductor connected to the primary coil 1n series,

wherein parameters of the driving circuit are set such that,

when a frequency of a peak voltage applied to the elec-
tro-mechanical energy conversion element 1s denoted by
fe and a driving frequency of the vibration member 1s
denoted by 1d, a condition fe<1.5-1d 1s satisfied.

2. The drniving circuit according to claim 1, wherein the
inductor 1s a leakage inductance of the transformer.

3. The drniving circuit according to claim 1, wherein the
vibration member 1s configured to generate a vibration wave
in response to the alternating voltage applied to the electro-
mechanical energy conversion element.
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4. The driving circuit according to claim 3, wherein the
vibration member 1s configured to relatively move a moving,
member 1n response to the vibration wave.

5. The driving circuit according to claim 1, further com-
prising a resistor connected to the electro-mechanical energy
conversion element 1n parallel.

6. The driving circuit according to claim 1, further com-
prising a resistor and an inductor connected to the electro-

mechanical energy conversion element in parallel.
7. The driving circuit according to claim 1, wherein, when
a resonance frequency of the driving member 1s denoted 1m,
a condition fm<{e 1s satisfied.
8. An apparatus comprising:
a vibration member including an electro-mechanical
energy conversion element; and
a driving circuit comprising:
a transformer connected to the electro-mechanical energy
conversion element and comprising:
a primary coil configured such that an alternating voltage 1s
applied to the primary coil; and
a secondary coil connected to the electro-mechanical
energy conversion element; and
an 1nductor connected to the primary coil 1n series,
wherein parameters of the driving circuit are set such that,
when a frequency of a peak voltage applied to the elec-
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tro-mechanical energy conversion element 1s denoted by
fe and a driving frequency of the vibration member 1s
denoted by 1d, a condition fe<1.5-1d 1s satistied.

9. The apparatus according to claim 8, wherein the inductor
1s a leakage inductance of the transformer.

10. The apparatus according to claim 8, wherein the vibra-
tion member 1s configured to generate a vibration wave in
response to the alternating voltage applied to the electro-
mechanical energy conversion element.

11. The apparatus according to claim 8, further comprising
a resistor connected to the electro-mechanical energy conver-
s1on element 1n parallel.

12. The apparatus according to claim 8, further comprising
aresistor and an inductor connected to the electro-mechanical
energy conversion element 1n parallel.

13. The apparatus according to claim 8, wherein, when a
resonance Ifrequency of the driving member 1s denoted fm, a
condition tm<fe 1s satisfied.

14. The apparatus according to claim 8, further comprising
amoving member configured to move relative to the vibration
member.

15. The apparatus according to claim 14, wherein the mov-
ing member 1s configured to move 1n response to a vibration
wave relative to the vibration member.
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